Gossypol is an important allelochemical produced by the subepidermal glands of some cotton varieties and important for their ability to respond to changing biotic stress by exhibiting antibiosis against some cotton pests. Plant growth-promoting rhizobacteria (PGPR) are root-colonizing bacteria that increase plant growth and often elicit defence against plant pathogens and insect pests. Little is known about the effect of PGPR on cotton plant-insect interactions and the potential biochemical and molecular mechanisms by which PGPR enhance cotton plant defence. Here, we report that PGPR (Bacillus spp.) treated cotton plants showed significantly higher levels of gossypol compared with untreated plants. Similarly, the transcript levels of the genes (i.e. (+)-δ-cadinene synthase gene family) involved in the biosynthesis of gossypol were higher in PGPR-treated plants than in untreated plants. Furthermore, the levels of jasmonic acid, an octadecanoidderived defence-related phytohormone and the transcript level of jasmonic acid responsive genes were higher in PGPRtreated plants than in untreated plants. Most intriguingly, Spodoptera exigua showed reduced larval feeding and development on PGPR-treated plants. These findings demonstrate that treatment of plants with rhizobacteria may induce significant biochemical and molecular changes with potential ramifications for plant-insect interactions.
INTRODUCTION
The ability of plants to actively defend themselves with inducible and constitutive mechanisms has been extensively demonstrated in many systems (Chen et al. 2008; Mao et al. 2007a; Sarwar et al. 2005; Zebelo et al. 2011) . Host plant resistance is an important component of integrated pest management (IPM), which can be triggered by biotic (pathogen and nonpathogen) or abiotic elicitors (like insect and pathogen originated elicitor chemicals). Cotton plants have numerous inducible defence mechanisms that are important for their ability to respond to changing biotic stress, including the synthesis of volatile terpenes (McAuslane & Alborn 1998; Morawo & Fadamiro 2014; Pare & Tumlinson 1997; Sobhy et al. 2014) , phytoalexins, tannins, tyloses, pathogenesis-related proteins, as well as lignification, and the release of active oxygen species (Bell 1981; Townsend et al. 2005a) .
Gossypol, a phenolic sesquiterpenoid aldehyde, is an important allelochemical produced by the subepidermal glands of some cotton varieties and exhibits antibiosis against some cotton pests (Wu et al. 2010) . Du et al. (2004) found a positive correlation between gossypol level of various glanded cotton varieties and the abundance of Aphis gossypii. In glanded cotton varieties, gossypol and its precursor terpene aldehyde are inducible and developmentally regulated (Townsend et al. 2005a; Xu et al. 2004) . Zhang et al. (2011) demonstrated that exogenous application of jasmonic acid (JA) to cotton plants resulted in increased levels of gossypol and that mealybug Phenacoccus solenopsis that fed on JA-treated cotton plants showed reduced growth and development. In the course of plant defence against herbivores in which various phytohormones are involved, JA is the key phytohormone related to plant defence against herbivores (Rani & Jyothsna 2010; War et al. 2011) . JA is derived from linolenic acid through octadecanoid pathway and accumulates upon herbivory in plant tissues (Zhang et al. 2008) . JA has been repeatedly shown to be the most important mediator of plant-herbivore interactions and to be responsible for volatile organic compound (VOC) activation including the synthesis terpenes (Baldwin 2010; Degenhardt et al. 2010; Dicke & Baldwin 2010) .
The biosynthesis of sesquiterpene compounds, in general, takes place in the cytosol with farnesyl diphosphate as a common substrate. Farnesyl diphosphate synthase catalyses the formation of precursors for many different types of sesquiterpenes (Bohlmann et al. 1998; Croteau 1993) . In cotton, (+)-δ-cadinene synthase (CAD) catalyses the cyclization of farnesyl diphosphate to (+)-δ-cadinene via a nerolidyl diphosphate intermediate and is the first step in the biosynthesis of gossypol and its precursor terpene aldehyde (Alchanati et al. 1998; Essenberg et al. 1985; Zhou et al. 2013) . The CAD is encoded by a gene family, which has been divided into two subfamilies CAD1-A and CAD1-C (Cdn1-C1, Cdn1-C14, Cdn1-A and Cdn1-C3), based on sequence similarities. The diploid genome of Gossypium arboreum contains about six members of CAD1-C and a single copy of CAD1-A (Townsend et al. 2005a) . The CAD1 transcripts increase dramatically along with the seed maturation in association with an increase in sesquiterpene cyclase activities and subsequently the accumulation of gossypol (Meng et al. 1999) . CAD1 enzyme and transcripts are induced in cotton plants infected with the fungal pathogen, Verticillium dahliae and in cotton suspension cultures treated with V. dahliae elicitors (Chen et al. 1995; Townsend et al. 2005a) . These studies revealed that CAD1 is the key enzyme in gossypol formation, which is developmentally regulated and also induced by pathogen infection in cotton.
Plants interact with beneficial soil microbes, such as plant growth-promoting rhizobacteria (PGPR) and mycorrhizal fungi, that confer beneficial effects including increased plant growth and enhanced tolerance to abiotic stress (Dimkpa et al. 2009; Kloepper et al. 2004) . Some beneficial microbes also induce systemic resistance (ISR) against microbial pathogens and herbivorous insects (Gange et al. 2003; Murphy et al. 2003; Pineda et al. 2013; Pineda et al. 2010; Van Oosten et al. 2008; Zamioudis & Pieterse 2012) .
One of the pioneering studies that showed that PGPR can elicit ISR against insects was conducted using PGPR strain INR-7 (Bacillus pumilis). In a series of greenhouse and field experiments, Zehnder et al. (1997a) demonstrated that treating cucumber (Cucumis sativus L.) plants with INR-7 increased plant growth and significantly reduced the population of the striped cucumber beetle, Acalyma vittatum Fabricius (Coleoptera: Chrysomelidae), and the spotted cucumber beetle, Diabrotica undecimpunctata Howardi (Coleoptera: Chrysomelidae). Interestingly, the reduced number of beetles on PGPR-treated plants was correlated with reduced production of curcubitacin, a secondary plant metabolite and insect-feeding stimulant (Zehnder et al. 1997b) . Aside from these initial studies, little is known about the effects and mechanisms by which PGPR directly or indirectly mediate plant defence to herbivore damage (Pineda et al. 2010) .
To establish predictable patterns in PGPR-induced systemic resistance against insects, more comprehensive studies that combine ecological, biochemical and molecular approaches are needed. In addition, recent studies have showed that mixtures of PGPR can provide synergistic ISR activity against a broader range of plant pathogens compared with individual PGPR strains (Domenech et al. 2006; Jetiyanon & Kloepper 2002; Ryu et al. 2007 ). The present study utilizes ecological, biochemical and molecular approaches to investigate the effects and mechanisms of PGPR strains or mixtures on plant-insect interactions. We used a model system consisting of cotton (Gossypium hirsutum) and Spodoptera exigua (a generalist larval pest of cotton) to investigate the effect of treatment of cotton plants with single strain or mixture of strains (blends) of PGPR (Bacillus spp.) on plant chemistry and plant-insect interactions. The central hypothesis tested was that PGPR treatment of cotton plants will induce direct plant defence mechanisms against herbivory via increased expression of genes involved in gossypol biosynthesis. Firstly, we quantified the level of phytohormone JA and gossypol in PGPR-treated and untreated cotton plants. Secondly, the transcript levels of JA responsive genes and the genes involved in gossypol biosynthesis were compared between PGPR-treated and untreated plants. Finally, bioassays were performed to evaluate feeding and development of S. exigua larvae on the various treatments.
MATERIALS AND METHODS
Plant growth and plant growth-promoting rhizobacteria treatment
Cotton plants (Gossypium hirsutum, Var. Max-9, All-Tex Seed, Inc. Levelland, TX, USA) were grown in growth chambers under controlled conditions (23 ± 2°C, 60 ± 5% RH and a photoperiod of 16:8 h light:day) using sterilized sunshine potting mixture #8 (SunGro Horticulture, Agawam, MA, USA). PGPR treatments were applied at seeding (1 mL/seed) as aqueous spore suspensions (1 × 10 7 spores/mL). The bacterial mixtures were prepared by mixing equal volumes (2.5 mL) of spore suspensions of each strain to a final concentration of 1 × 10 7 spores/mL. Booster applications of PGPR were applied weekly from 1 to 6 weeks after planting by pipetting 1 mL of vegetative PGPR suspension at 1 × 10 9 cfu/mL around the rhizosphere of growing plants. For the booster application, the bacterial mixtures were prepared by mixing equal volumes (2.5 mL) of vegetative suspensions of each strain to a final concentration of 1 × 10 9 cfu/mL. The PGPR strains used in this experiment were obtained from the PGPR culture collection at the Department of Entomology and Plant Pathology, Auburn University (Auburn, AL, USA). These strains (single or blend) have plant growth-promoting effect and enhance plant defence against disease-causing pathogens and insect pests (Calvo 2013; Enebak et al. 1998; Jetiyanon et al. 2003; Kokalis-Burelle et al. 2003; Murphy et al. 2003; Ryu et al. 2007; Sato et al. 2000; Zehnder et al. 1997a; Zehnder et al. 1997b) . The following PGPR strains were evaluated: (1) strain INR-7 (AP 18: Bacillus pumilis); (2) blend 8, containing four strains of bacilli (AP-188: Bacillus amyloliquefaciens subsp. Plantarum, AP-209: Bacillus mojavensis, AP-217: Bacillus solisalsi, AP-218: Bacillus amyloliquefaciens subsp. plantarum); and (3) blend 9, containing four strains of bacilli (AP-136: Bacillus amyloliquefaciens subsp. plantarum, AP-188: Bacillus amyloliquefaciens subsp. plantarum, AP-219: Bacillus amyloliquefaciens subsp. plantarum, AP-295: Bacillus amyloliquefaciens subsp. plantarum). These single and blended strains have showed plant growth promotion in cotton plants (Fadamiro et al. 2012) .
Insect rearing
Spodoptera exigua eggs purchased from Benzon Research (Carlisle, PA, USA) were used to start laboratory colonies at Auburn University (Auburn, AL, USA). Larvae were fed a laboratory-prepared pinto bean diet at 25 ± 1°C, 75 ± 5% relative humidity and 14:10 h (light:day) photoperiod. Eggs from the F2 generation of the colony were used for survival and development test. Fifteen third instar larvae per sample and pattern wheel were used to make herbivore damage and mechanical damage in JA, gossypol and transcript level quantification experiments, respectively.
Jasmonic acid extraction and quantification
Cotton plants were grown as described earlier without PGPR treatments. In order to measure the level of JA in real time, 4 weeks after planting, cotton plants were subjected to the following treatments: (1) untreated (controls); (2) treated with PGPR [INR7, blend 8 (B8) and blend 9 (B9)]; (3) S. exigua larvae damaged (HD); and (4) mechanically damaged (MD). Cotton leaves from untreated, B8, B9, INR7, HD and MD were collected 1, 2, 3 and 4 d after their respective treatments, frozen in liquid nitrogen and kept in À80°C until use. JA was extracted as reported by Occhipinti et al. (2011) . The content of JA was determined by comparing retention times and mass spectra of standard solutions with a linear gradient in reversed phase-chromatography (Luna C18, 3.0 × 150 mm, 3.0 μm; Phenomenex, Torrance, CA, USA), and further analyses with samples were analysed on a Waters ESI-MS (Q-Tof Premier, Waters). Samples were isocratically eluted from a 150 × 3.9 mm i.d. Waters (4 μm) C18 Novapak column. The mobile phases were 95% acetonitrile and formic acid. At the flow rate of 0.15 mL min À1 , total run time was 10 min. The signal was monitored at 272 nm. Data collection and integration were performed using the Waters Empower software (Waters 2489, Milford, MA, USA). H2-JA (TCIEurope) was used as internal standard, and precursor ions were detected in negative mode by multiple reaction monitoring [M-H] 209 and 211, for JA, and H2-JA, respectively. The reported data are the mean values of at least three biological replicates and five technical replicates. The data were analysed by one-way analysis of variance (ANOVA) followed by the Tukey-Kramer HSD multiple comparison test at a significance level of P < 0.05.
Gossypol extraction and quantification
Cotton plants were grown as described above without PGPR treatments. In order to measure the level of gossypol in real time, 4 weeks after planting, cotton plants were subjected to the following treatments: (1) untreated (controls); (2) treated with PGPR [INR7, blend 8 (B8) and blend 9 (B9)]; (3) S. exigua larvae damaged (HD); and (4) mechanically damaged (MD). Cotton leaves from untreated, B8, B9, INR7, HD and MD were collected 1, 2, 3 and 4 d after their respective treatments, frozen in liquid nitrogen and kept in À80°C until use. Gossypol was extracted as previously described by Zhang et al. (2011) with some modification. The samples were ground by using liquid nitrogen in a mortar. Lyophilized leaf samples (100 mg) were weighed into centrifuge tubes and extracted by ultrasonification (3 min) in a solvent (acetonitrile/water/phosphoric acid = 80:20:0.1; 10 mL). The samples were centrifuged (3 min at 2800 g), and an aliquot of the supernatant was transferred directly into a vial. Standard gossypol (95% purity; Sigma-Aldrich, USA) was dissolved in the extraction solvent. Standard curves were obtained for gossypol with concentrations in the range of 5-80 μg mL À1 in five-step increments. Three samples were collected for each treatment. Samples were analysed on a Waters ESI À -MS (Q-Tof premier, Waters). Samples were isocratically eluted from a 150 × 3.9 mm i.d. Waters (4 μm) C18 Novapak column. The mobile phases were 95% acetonitrile and formic acid. At the flow rate of 0.15 mL min À1 , total run time was 10 min.
The signal was monitored at 272 nm. Data collection and integration were performed using the Waters Empower software (Waters 2489, Milford, MA). The reported data are the mean values of at least three biological replicates and five technical replicates. The data were analysed by oneway ANOVA followed by the Tukey-Kramer HSD multiple comparison test at a significance level of P < 0.05.
Total RNA isolation and cDNA synthesis
Cotton plants were grown as described previously without PGPR treatments. In order to measure the transcript levels of defence-related genes in real time, 4 weeks after planting, cotton plants were subjected to the following treatments: (1) untreated (controls); (2) 
Real-time PCR
To quantify the transcript levels, JA responsive genes (GhAOS, GhLOX1 and GhOPR3) and CAD family genes (i.e. Cad1-A, Cdn1-C1, Cdn1-C14 and Cdn1-C3; To confirm the specificity of the primers, qrtPCR amplicons were sequenced using Life Technologies POP 7 technology for DNA sequencing (Carlsbad, CA, USA). The sequencing of amplicons confirmed that single products corresponding to the contigs that were used for primer design (Supporting Information Table S1 ). All genes were similar to known nucleotide sequences using BLAST with a score value higher than 100 and identity ranging from 90 to 97%.
Effect of plant growth-promoting rhizobacteria treatment on survival and development of Spodoptera exigua larvae Spodoptera exigua eggs were placed in a 10 cm diameter plastic Petri dish and provided with 6-week-old cotton plants treated with PGPR (INR7, blend 8 and blend 9) at seeding and untreated ones. The bioassay was performed in an incubator (25 ± 1°C, 75 ± 5% relative humidity and with a light phase of 16 h). After larval hatch, the fate of a single neonate larva on each leaf was followed until dead or pupation. To avoid desiccation, the cotton leaf petiole was immersed in a 1.5 mL Eppendorf tube containing distilled water. Larval weight was recorded every 3 d, and development and mortality were monitored daily until pupation. Pupal weight was determined within 24 h of pupation. The study included three sets of independent experiments with 40 insects per treatment. The data were analysed by using one-way ANOVA followed by the Tukey-Kramer HSD multiple comparison (P < 0.05).
RESULTS

Plant growth-promoting rhizobacteria treatment affects levels of jasmonic acid
Generally, the level of the phytohormone, JA in cotton plants treated with PGPR remained high throughout the experimental period, unlike in cotton plants damaged by S. exigua in which the JA level reached its peak in the first 24 h of the experiments and decreased throughout the rest of the experimental period. On the first day of the experiment, the amount of JA in PGPR-treated plants was not significantly different from that found in cotton plants with S. exigua damage. Both were significantly higher than the amount found in untreated plants and mechanically damaged plants. On the second day, the level of JA in PGPRtreated plants was significantly higher than in S. exigua larva damaged plants, untreated plants and mechanically damaged plants (Fig. 1a) . The levels of JA progressively increased on days 3 and 4 in PGPR-treated plants but remained low in other treatments.
Plant growth-promoting rhizobacteria treatment induces increased level of gossypol in cotton plants
No significant differences in gossypol levels were recorded between untreated and PGPR-treated cotton plants up to 2 d after PGPR treatment. However, the amount of gossypol in PGPR-treated plants was significantly higher than in untreated plants 4 d after PGPR treatment (Fig. 1b) .
On the first day of the experiment (D1), the amount of gossypol in cotton plants damaged by S. exigua larvae was significantly higher than in PGPR-treated plants. The amount of gossypol was not significantly higher in PGPR-treated plants than that found in untreated plants and mechanically damaged plants. On the second day (D2), the amount of gossypol in PGPR-treated plants was not significantly different from that found in cotton plants damaged by S. exigua larvae. Both were significantly higher than the amount found in untreated plants and mechanically damaged plants (Fig. 1b) . The level of gossypol was higher on day 3 (D3) than on day 2 (D2) in PGPR-treated plants and remained low in plants with S. exigua larva infestation and mechanically damaged plants. On the fourth day (D4), the level of gossypol was higher than the second 
day (D2) and third day (D3) in PGPR-treated plants and remained lower in PGPR-untreated plants and plants damaged by S. exigua larvae (Fig. 1b) . The level of gossypol was significantly higher in PGPR blend 9-treated plants than PGPR blend 8 and INR7-treated plants on the D3 and D4.
Plant growth-promoting rhizobacteria treatment induces defence-related gene expression in treated plants
PGPR treatment and S. exigua damage were found to increase the transcript levels JA responsive genes, GhAOS, GhLOX1 and GhOPR3. The transcript levels of GhAOS, GhLOX1 and GhOPR3 were increased in PGPR blend 9 treated plants by 2.8, 2.5 and 2.5 fold compared to untreated control, respectively (Fig. 2) . Transcript levels of GhLOX1 gene increased by 2.5-folds after being treated with PGPR blend 8 and by 2.3-folds after treatment with PGPR strain INR7. The expressions of JA responsive genes were also significantly higher in S. exigua larvae damaged plants compared with untreated control (Fig. 2) . Similarly, PGPR treatment and S. exigua damage were found to increase the transcript levels of most of the genes involved in the biosynthesis of gossypol, such as CAD1-C1, Cdn1-A, Cdn1-C14 and Cdn1-C3. The transcript levels of CAD1-C1, Cdn1-A, Cdn1-C14 and Cdn1-C3 were increased in PGPR blend 9 treated plants by 2.0, 2.8, 2.2 and 2.5-fold compared with untreated control, respectively (Fig. 2) . The transcript levels of CAD1 family genes such as CAD1-C1, Cdn1-A, Cdn1-C14 and Cdn1-C3 were increased in S. exigua larvae damaged plants by 1.1, 2.4, 1.0 and 2.7-fold compared with untreated control, respectively (Fig. 2) . The transcript level of Cdn1-C14 gene was higher in PGPR INR7 treated plants (twofold) than in untreated control and mechanically damaged plants (Fig. 2) . Generally, PGPR blend 9 treated plants induced higher transcript levels of CAD1 genes than PGPR blend 8 and INR7-treated plants. Most of CAD1 genes failed to show increased transcript level in untreated control plants and mechanically damaged plants.
Plant growth-promoting rhizobacteria treatment impacts survival and development of Spodoptera exigua larvae Spodoptera exigua larvae that fed on untreated cotton plants had greater weight (Fig. 3) , a lower mortality rate (Fig. 4) and a higher pupation rate (Fig. 5 ) compared with larvae that fed on PGPR-treated plants. Larval mortality was significantly lower on untreated plants compared with the three PGPR treatments. For instance, fourth-instar larval mortality (77%) was highest on blend 9-treated plants compared with 40% mortality on untreated plants (Fig. 4) .
DISCUSSION
The results of this study showed that the beneficial rhizobacteria can induce biosynthesis of insecticidal compound such as gossypol with significant ramifications for plant-insect interactions. Specifically, higher levels of gossypol were detected in cotton plants treated with certain strains or mixtures of PGPR (Bacillus spp.) compared with untreated plants. Furthermore, the transcript levels of genes that encode gossypol biosynthesis were higher in PGPR-treated cotton than untreated plants. The increased level of gossypol in PGPR-treated plants might correlate with the increased level of JA observed in PGPR-treated plants. Consequently, S. exigua larvae showed reduced herbivory and development on PGPR-treated plants compared with untreated plants. Thus, treatment with PGPR can induce biochemical and molecular changes in plants with important ramifications for plant-insect interactions. Our findings are consistent with the results of some recent studies that showed that treatment of plants with Pseudomonas spp. induced physiological and biochemical changes in certain plants, with negative consequences for herbivorous insects (Pineda et al. 2013; Pineda et al. 2010; Van Oosten et al. 2008) . Jasmonic acid is an ubiquitous plant hormone known to mediate defence responses in plants (Browse 2005) . High level of JA was recorded in PGPR-treated plants. Previous studies showed that PGPR trigger induced ISR via JA signaltransduction pathway (Pieterse et al. 2009; Pineda et al. 2012; Pozo et al. 2008; Van Oosten et al. 2008) . Opitz et al. (2008) reported that exogenous application of JA induces increased level of gossypol and other terpenoid production in cotton plants. Gossypol is an important allelochemical occurring in glanded cotton varieties that can be induced by exogenous JA application (Opitz et al. 2008) .
High gossypol level expressed by some cotton varieties has been shown to affect feeding and development of certain insect pests (Mao et al. 2007b; Zhang et al. 2011) . The data showed that gossypol level was elevated in PGPR-treated plants, which possibly render PGPR-treated plants unsuitable for S. exigua larval development. PGPR blend 9-treated plants showed increased level of gossypol compared with other treated plants throughout the experimental period, and this might explain a continuous elicitation of induced systemic resistance of the plant by the colonizing Bacillus spp. component of PGPR blend 9. It has been suggested that mixtures of PGPR strains with different mechanisms of interactions might more reliably benefit plants than would individual PGPR strains (Raupach & Kloepper 1998) . Choudhary et al. (2007) described that plants have the ability to acquire an enhanced level of resistance to pathogens after exposure to biotic stimuli provided by many different PGPRs, and these associations with plant roots elicit a steady state of defence or ISR in plants.
To understand the underlying molecular mechanisms behind the observed increased levels of JA and gossypol in PGPRtreated plants, we investigated the expression of the putative cotton JA responsive genes and genes involved in the biosynthesis of gossypol. The expression of the putative cotton JArelated genes, GhAOS, GhLOX1 and GhOPR3, showed general increases in transcript level in PGPR-treated plants. The expression of these JA responsive genes was previously shown to be induced in cotton plants exogenously treated with JA or methyl jasmoniate or both (Miyazaki et al. 2014) . These JA responsive genes have been associated with induced responses against herbivorous insects in various plants such as lima bean (Arimura et al. 2000) , cabbage (Zheng et al. 2007) , tomato (Li et al. 2004 ) and cotton (Miyazaki et al. 2014) . There is no isogenic mutant line for JA pathway available in cotton; however, our data clearly showed that the level of JA was high and significantly induced in PGPR-treated plants. The expression of genes involved in gossypol biosynthesis such as (+)-δ-cadinene synthase (CAD1) gene family (CAD1-C1, Cdn1-A, Cdn1-C14 and Cdn1-C3) were higher in PGPR-treated plants and herbivore damage plants compared with untreated or mechanically damaged plants. CAD1 expression was previously shown to be induced in cotton infected with either the bacterial blight or verticillium wilt-causing pathogens (Townsend et al. 2005b) .
For JA, gossypol and gene expression experiments, the use of 4-week-old plants that were grown in a wellcontrolled environment in order to minimize the effect of other factors that could affect level of JA, gossypol and gene expressions was helpful to test the real-time effect of PGPR in plant defence. For S. exigua feeding experiment, 6-week-old plants treated with PGPR at seeding were used for bioassay. Plants used for the feeding experiment were grown with minimal care to simulate the agro ecology in which the plants interact with insects.
Spodoptera exigua larvae that fed on untreated cotton plants showed better growth, lower mortality rate and higher pupation rate compared with larvae that fed on PGPR-treated plants. Larval mortality was highest on larvae that fed on PGPR blend 9-treated plants. Zehnder et al. (2000) reported similar results in which cucumber beetles showed reduced feeding damage on PGPR (INR7)-treated cucumber plants. Furthermore, pupation rates and pupal weight were significantly lower in insects that fed on PGPR-treated plants than in those that fed on untreated plants. These results showed that PGPR-treated plants do not optimally support larval feeding and development.
In summary, the results presented here suggest that PGPR treatment can enhance plant defence against insect herbivory by triggering ISR. Our data showed that PGPR treatment elicits the expression of JA-related genes and induces increased levels of JA that might lead to induction of transcripts of gossypol-related genes and increased levels of gossypol, which resulted in reduced herbivory by S. exigua larvae. In a related study, Fadamiro et al. (2012) reported that PGPR treatment of cotton plants resulted in increased emission of VOCs, including those known to affect insect behaviour. Thus, it is likely that the reduced herbivory on PGPR-treated plants recorded in this study is due to a combined effect of VOCs and gossypol. Studies are ongoing to determine the effects and mechanisms of PGPR-mediated interactions in other agro-ecosystems.
